Progressive supranuclear palsy (PSP) is a neurodegenerative disorder characterized by white matter (WM) changes in different supra-and infratentorial brain structures. We used track density imaging (TDI) to characterize WM microstructural alterations in patients with PSP-Richardson's Syndrome (PSP-RS). Moreover, we investigated the diagnostic utility of TDI in distinguishing patients with PSP-RS from those with Parkinson's disease and healthy controls (HC). Twenty PSP-RS patients, 21 PD patients, and 23 HC underwent a 3 T MRI diffusion-weighted (DW) imaging.
Over the past two decades, several neuroimaging biomarkers have been described as potentially helpful in differentiating PSP from other parkinsonian syndromes (Whitwell et al., 2017) . In particular, white matter (WM) degeneration evaluated using diffusion tensor imaging (DTI) has been demonstrated to be a striking features of PSP-RS (Canu et al., 2011; Cochrane & Ebmeier, 2013; Nicoletti et al., 2006 Nicoletti et al., , 2008 Nicoletti et al., , 2013 Ohshita et al., 2000; Prodoehl et al., 2013; Saini et al., 2012; Seppi et al., 2003; Tessitore et al., 2014; Tsukamoto et al., 2012; . DTI is a valuable noninvasive imaging technique for the assessment of the WM structure of the brain. WM integrity is often assessed locally using diffusion tensor derived metrics such as mean diffusivity (MD), which measures the magnitude of diffusion, or fractional anisotropy (FA), which quantifies the preferential direction of water diffusion along white matter tracts (Pierpaoli & Basser, 1996; Wieshmann et al., 1999) . In patients with PSP-RS, relative to PD patients and healthy controls, a greater WM degeneration (lower FA and higher MD) have been observed in the superior cerebellar peduncles, cerebellum, corpus callosum, cingulum, superior longitudinal fasciculus, and white matter laminar of thalamus (Blain et al., 2006; Canu et al., 2011; Erbetta et al., 2009; Ito, Makino, Shirai, & Hattori, 2008; Knake et al., 2010; Piattella et al., 2015; Saini et al., 2012; Surova et al., 2015) . Longitudinal studies found also that WM tract changes in patients with PSP-RS correlated with the progression of disease severity, behavioral dysfunction, and ocular motor decline (Agosta et al., 2018) .
In recent years, several studies used DTI and fiber-tracking algorithm to reconstruct whole brain WM pathways and then to extract more detailed information about WM tract properties. In this regards, track-weighted (TW) imaging has been proposed as a robust and innovative approach able to provide a spatial resolution beyond the acquired data (super-resolution) and a novel anatomical contrast that cannot be obtained with conventional MRI (Calamante, Tournier, Jackson, & Connelly, 2010; Calamante et al., 2012; Calamante, 2017) .
In this approach, a TW image can be generated using information of streamline themselves, such as the number of streamlines in each voxel (i.e., track density imaging, TDI) (Calamante et al., 2010) or their average length (Pannek et al., 2011) . TW imaging has recently been used in several studies revealing optimal performance in characterize brain anatomical features both in healthy controls and in several pathological conditions (Attyé et al., 2018; Bozzali et al., 2011; Pannek et al., 2011; Ziegler et al., 2014) . For example, a recent study using TW imaging found significant alterations in track density of brainstem and nigrostriatal pathways in PD patients, relative to controls (Ziegler et al., 2014) .
In this study, we used the track density imaging to characterize the WM microstructural alterations in patients with PSP-RS patients compared with those with PD and healthy controls. Considered the diffusion properties alterations observed in WM tracts of PSP-RS patients together with damages reported in pathological studies, we hypothesized that patients with PSP-RS would exhibit an extensive decrease in fibers density in several WM pathways including brainstem, superior cerebellar peduncles, superior longitudinal fasciculus and corpus callosum. Moreover, we assessed whether these fibers density alterations could differentiate patients with PSP-RS from those with PD and healthy controls at an individual level. To this end, we investigated the diagnostic accuracy of an image-based classification between PSP-RS and PD in individual patients by using TDI.
| METHODS

| Patients
Twenty patients with PSP-RS, 21 patients with idiopathic PD, and 23 sex and age-matched healthy control subjects were consecutively recruited from those referred to the Movement Disorders Unit of the Institute of Neurology at the Magna Graecia University of Catanzaro, Italy between 2009 and 2017. Clinical diagnoses for all patients were established according to internationally diagnostic criteria and expert guidelines (Gelb, Oliver, & Gilman, 1999; Höglinger et al., 2017; Litvan et al., 1996) by one trained physician (M.M.) with more than 10 years of experience in movement disorders. Only patients meeting criteria for probable PSP (Litvan et al., 1996) were considered. These patients were then reclassified in PSP-RS according to new clinical diagnosis criteria of PSP (Hoehn & Yahr, 1967) were performed.
| MRI acquisition
Neuroimaging data were acquired on a 3 Tesla Unit and using an 
| Image processing: TDI construction
Pre-processing of diffusion data was performed as described previously (Pannek et al., 2011; Ziegler et al., 2014) . Briefly, diffusionweighted images were corrected for eddy current distortions using tools provided with FMRIB's Diffusion Toolbox (FDT, part of FMRIB Software Library FSL (Smith, Tournier, Calamante, & Connelly, 2013, http://www.fmrib.ox.ac.uk/fsl). Next, we used MRtrix (http://www. mrtrix.org) to estimate fiber orientation distributions using the constrained spherical deconvolution (CSD) method and modeling the response function by an axially symmetric tensor with an FA threshold of 0.7 in order to characterize the function in voxels with coherently oriented population of fibers (Tournier, Calamante, Gadian, & Connelly, 2004) . The number of spherical harmonic terms was set to 6 (Tournier, Calamante, & Connelly, 2007) . Then, fiber tracking was performed employing the following tracking parameters: number of tracks = 10,000,000, FOD magnitude cutoff for terminating tracks = 0.1, minimum track length = 10 mm, maximum track length = 200 mm, minimum radius of curvature = 1 mm, tracking algorithm step size = 0.2 mm. Spherical-deconvolution Informed Filtering of Tractograms (SIFT) was also used to improve the quantitative nature of whole-brain streamlines reconstructions (number of tracks = 5,000,000) (Smith et al., 2013) .
Next, fiber tracts were spatial normalized. In doing so, for every voxel the sum of the length of all streamlines passing through each voxel was calculated, giving a total pathlength map (TPM). Additionally, the number of streamlines traversing each voxel was recorded, rendering a track density image. The APM was then calculated dividing the TPM by the TDI. The APMs were then rigidly aligned to the MNI152 1 mm T1 template with mutual information and averaged to create an initial template. The APMs were then used to build a template through 4 iterations, beginning with an initial affine transformation followed by greedy symmetric diffeomorphic normalization (SyN) (Avants et al., 2010 (Avants et al., , 2011 . For each subject, the transformations (rigid, affine, warp) were then individually inverted and applied in inverse order to a unit warp field generated in the final template space. Then, the tracks were normalized into template space with MRtrix, by warping each point along the fibers. This process ensured that the length of the streamlines was normalized together with the spatial location. Finally, track density images were generated from the normalized tracks, again with 1 × 1 × 1 mm 3 isotropic voxels. Normalization steps were performed using Advanced Normalization Tools (ANTS, http://www.picsl. upenn.edu/ANTS/). An optimal white matter mask was also generated from all TD images using the SPM8
Masking toolbox and the Luo-Nichols anti-mode method of automatic thresholding (Luo & Nichols, 2003; Ridgway et al., 2009 ).
| Statistical analysis
Whole-brain statistical analyses were performed using Randomize (5,000 iterations) (FSL). Differences in track density images between groups were assessed using a two-sample t test controlling for age and gender. Patients groups were first compared with each other, and then further compared with the healthy control population. Only clusters with p < .05 after correcting for family-wise error rate were considered statistically significant. Moreover, Cohen's d was used to assess effect size for the group-wise comparisons (Cohen, 2013 PSP-RS versus control subjects, and (c) patients with PD versus controls subjects using TDI as input images. In each of the analyses, leave one subject out cross-validation was performed. This means, that on each run, one subject was assigned to a testing set and the remaining subjects were assigned to a learning set. Then, the classification accuracy was expressed as a total performance on all runs. Voxel-wise discrimination map was also computed for each classification. This map shows the relative contribution of each voxel to the decision function with positive or negative weights to represent stronger representation for class one or two, respectively.
3 | RESULTS
| Behavioral data
Patients and control subjects had similar age and gender distributions.
PSP-RS patients were more impaired than PD based on UPDRS, H-Y, and disease duration (Table 1) .
| Voxelwise analysis of TDI
Statistically significant decreases in the number of streamlines in each voxel in PSP-RS patients, relative to PD patients, were found in brainstem, cerebellum, thalamic radiations, body of the corpus callosum, and corticospinal tract. Areas of decreased track density were strikingly symmetric between hemispheres (Figure 1) . Moreover, Cohen's No statistically significant differences in TDI were observed between PD patients and healthy controls.
| Correlation with behavioral data
No significant correlation was found between track density values and clinical variables in both PSP and PD patients.
| Pattern recognition analysis
Considering patients groups, SVM based on whole brain analysis differentiated PD patients from PSP-RS patients with a sensitivity and specificity of 86 and 60%, respectively. The positive and negative predictive values (PPV/NPV) for the classifier were 80 and 69%, respectively. The area under the ROC curve (AUC) was 0.82. Similar results were obtained in the classification of PSP-RS patients and controls (Table 2) . Regarding the voxel-wise discrimination map, Figure 2 shows the weighted-map of the global spatial patterns that best discriminate patients with PSP-RS from those with PD. The region showing the higher contribution to the decision function predictions was the superior cerebellar peduncles. This finding was confirmed by the improvement of the classification performance in distinguish PSP-RS and PD patients when restricting the analysis to the SCP. Indeed, we observed an AUC of 0.98, a sensitivity of 90% and a specificity of 100% in differentiating patients with PD from those with PSP-RS (Table 2, Figure 3 ). Similar improvements were observed in differentiating PSP-RS patients from healthy controls ( Table 2) .
| Discussion
In our study, we used track density imaging to study white matter alterations in patients with PSP-RS compared with those with PD and healthy controls. Our whole brain voxel-based analysis revealed a widespread pattern of fibers density changes in WM, potentially indicating alterations of brain microstructure and tissue integrity, in PSP-RS patients compared with PD patients. Specifically, significantly decrease in fibers density was observed in several tracts such as the corpus callosum, the arcuate fascicle, the superior longitudinal fascicle, These findings are in agreement with post-mortem studies in PSP patients (Dickson, Ahmed, Algom, Tsuboi, & Josephs, 2010; Dickson et al., 2011; Ishizawa & Dickson, 2001; Schofield et al., 2011) and confirm previous DTI studies demonstrating supra-and infratentorial WM changes in PSP (Cochrane & Ebmeier, 2013; Knake et al., 2010; Piattella et al., 2015) .
In particular, the reduced fibers density found in the superior cerebellar peduncle confirms a strong involvement of this structure in PSP pathophysiology. This result is in line with previous DTI and morphometric MRI studies reporting significant diffusivity, volumetric. AUC = area under the curve; PPV = positive predictive value; NPV = negative predictive value; PD = Parkinson's disease patients; PSP-RS = Progressive Supranuclear Palsy patients (Richardson's syndrome); HC = healthy controls. In the upper side: Classification analysis was performed at whole-brain level; in the lower side: Classification analysis was performed using the voxels that belong to the superior cerebellar peduncle. showing demyelination and high vulnerability of this region to tau accumulation in PSP (Tsuboi et al., 2003) .
Relative to PD patients and healthy controls, PSP patients also showed decreased fibers density in thalamic radiations, midbrain, and dentate nucleus. These WM regions, together with the SCP, constitute the dentatorubrothalamic tract (DRTT). Specifically, the DRTT projects from the dentate nucleus of the cerebellum, through the SCP toward the red nucleus and then proceeds superiorly to the contralateral ventral lateral and anterior nuclei of the thalamus that serves as a relay station for projections to the cortex. This pathway is part of the functional "cerebrocerebellum circuit" and acts to coordinate the initiation, planning and timing of movement, but increasing evidence suggests an important role in cognitive function such as planning, verbal fluency, working memory, abstract thinking, and behavior (Middleton & Strick, 1998) Of interest, we also noted reduced fibers density in the body of the corpus callosum and the cortical spinal tract of PSP patients compared with healthy controls and PD patients. These abnormalities, according with previous studies, may confirm cortical pathology reported in PSP population and the presence of pyramidal signs reported in about one-third of patients with PSP, respectively (Agosta et al., 2014; Ito et al., 2008; Litvan, 2004; Saini et al., 2012) .
Finally, our study shows that track density imaging may offer promising markers to contribute to the diagnostic work-up of parkinsonian syndromes. In recent years, there has been increasing interest in using MRI-derived measures to classify parkinsonian disorders.
Indeed, several studies explored the ability of morphometric and diffusion tensor imaging in distinguishing PSP patients from those with PD and healthy controls (Agosta et al., 2012 (Agosta et al., , 2014 Bacchi, Chim, & Patel, 2018; Nicoletti et al., 2008; Nigro, Morelli, et al., 2017; Quattrone et al., 2008; Seki et al., 2018; Seppi et al., 2003; Tsukamoto et al., 2012) . More specifically, a recent DTI study observed a high accuracy in differentiating patients with PSP from those with PD using diffusion properties of SCP (AUC = 0.89) (Agosta et al., 2014) . In our study, track density images of WM tracts showed a good performance in distinguishing PSP-RS patients from PD considering a whole brain voxel-based classification analysis. Of note, an AUC of 0.98 was observed in distinguishing PSP from PD when only the voxels belonging to the superior cerebellar peduncles were considered. This finding is not surprising since the SCP represents probably the tracts that showed the most significant alteration in diffusion properties in PSP-RS patients compared with PD patients and controls. Taken together, these findings demonstrate the value of applying TDI approach to characterize WM changes in PSP-RS patients compared with PD patients and healthy controls. Although the TDI maps are generated from traditional DWI data, they can provide higher anatomical resolution than commonly used diffusion anisotropy maps. Moreover, the use of the CSD provides reliable fiber orientation estimations, even in voxels comprised of multiple fiber populations, generating more robust tracts reconstruction (Calamuneri et al., 2018) . Of note, this study provide further evidence that CSD and TDI can be successfully applied using routine clinical MR protocols with low angular resolution and low b-value (Toselli et al., 2017) . This finding, together with the possibility to implement the TDI procedure in a fully automatic way, suggests that TDI approach may help the clinicians to better understand microstructural WM involvement in several pathologic conditions. This study is not without limitations. First, we examined a relatively small number of patients, and then our results have to be considered as preliminary to future studies on larger sample of patients. However, the large effect sizes reported in our group comparisons suggested that between-group differences in track density values were big enough to be reliably observed in our sample despite its small size. Second, our cases were not pathologically confirmed even if clinical evaluation was performed according the clinical criteria for diagnosing PSP, and was carried out by one of the authors with more than 10 years of experience in movement disorder especially in diagnosis and management of this disease. Third, we considered in our group of PSP only patients with Richardson's syndrome. So, further studies are needed to investigate the utility of the TDI to study the white matter alteration in others clinical phenotypes such as the PSP-parkinsonism. Moreover, patients in a very early stage of disease should be considered. Fourth, longitudinal studies are required to assess whether these abnormalities in structural brain network are predictive of the clinical-pathological evolution.
Finally, it should be considered that even though the SVM approach showed high classification performance, the relatively small number of subjects might limit the generalization of our results. Moreover, a problem that might occur in pattern classification methods is the risk of overfitting the data due to the high-dimensionality of the data. Thus, further validations in independent and larger cohorts are necessary to confirm our results.
| CONCLUSIONS
In conclusion, we have shown that TDI is a useful approach for characterizing microstructure white matter alterations in PSP-RS patients compared with PD patients and healthy controls. Moreover, the presence of track density decrease in the superior cerebellar peduncle has shown to be a prominent feature of PSP-RS allowing a high sensitivity and specificity in the differentiation of patients with PSP-RS from those with PD.
